Seasonal variations in surface rainfall and associated large-scale processes in the tropica,l eastern Atlantic and West African region are examined by using the TRMM rainfall and other satellite observations. Major mean rainfall over West Africa tends to be concentrated in two regions and is observed in two different seasons, manifesting an abrupt shift of the mean rainfall zone during June-July. It is suggested that these two mean rainfall zones are related to two distinct physical processes. 
Introduction
certainly enhance our understanding of certain fundamental mechanisms modulating rainfall variability over West Africa on both seasonal and interannual time scales.
A further detailed examination of surface rainfall on the weekly time scale shows that the abrupt shift or "jump" of major rain belts is actually a manifestation of the onset of intense convection and rainfall along 10"N and a simultaneous, sudden termination of intense convection and rainfall in the Gulf of Guinea ( 5 " N ) during the time period June-July (Fig.   sa) . This seems to support that two various processes are active near the latitudes of 5"N and 10"N, respectively, and the peak rainfall seasons favored by these two processes are different due to different seasonal evolutions in the large-scale environment.
During the time period July-September, large-scale atmospheric circulation features and changes, such as the AEJ and TEJ etc., are commonly considered the major factors influencing rainfall variability in the mean rain band, hence possibly setting the onset of surface rainfall along the latitude of 10"N within the interior West, Africa (e.g., Nicholson and Grist 2003) . High-frequency rainfall variability is significantly modulated by westward-propagating synoptic-scale waves [ i e . , African easterly waves (AEW)] (e.g., Burpee 1972 Burpee , 1974 , and also heavily contributed by numerous intense mesoscale convective systems encouraged by the AEJ-related vertical shear (e.g., Rowel1 and Milford 1993, Laing and Fritsch 1993) . Considering the peculiar rainfall transition pattern during June-July (Figs. 1 and 6a), it is interesting to examine whether a similar seasonal variation would exist in various dynamic features.
As an effective forcing mechanism for the tropical atmospheric circulation, global sea surface temperature (SST) patterns and time-changes have been shown to play an essential role in rainfall variability over West Africa on the interannual time scale (e.g., Lamb and Peppler 1992, Fontaine and Janicot 1996, Janicot e t al. 19981 , particularly the SST anomalies in the tropical eastern Pacific (mostly associated with the ENS0 events), and tropical eastern and northeastern Atlantic. On the seasonal time scale, the evident seasonal cycle in the tropical eastern Atlantic thus may naturally be a direct forcing mechanism on rainfall variability at least in the Gulf of Guinea. Opoku-Ankomah and Cordery (1994) reported that a strong positive correlation exists between the SST in the tropical eastern Atlantic and rainfall variability in Ghana just north of the coastline in the Gulf of Guinea. In this study, therefore, we will argue that seasonal variations in the surface rainfall near the Gulf of Guinea, where the rainfall peaks during May-June, are primarily modulated by the seasonal forcing from the ocean. In contrast, the rainfall and variability within the interior West Africa primarily result from the interactions among various dynamic components partly shown in previous studies (e.g., Nicholson and Grist 2003) .
,
The paper is organized as follows: Section 2 describes the datasets used in this study.
Seasonal variations in the tropical eastern Atlantic and West Africa are presented in Section 3, which includes detailed descriptions of the evolution of the cold tongue complex on the monthly and weekly time scales by means of the recently available satellite observations, and the seasonal cycle in mean zonal wind field over the tropical eastern Atlantic and West African sector. Synoptic-scale rainfall variability is also investigated in Section 3 by applying a 2-d wavelet spectrum analysis (Gu and Zhang 2001) . In Section 4, the main results are summarized and discussed.
Data
Two 5-year (1998) (1999) (2000) (2001) (2002) 
2000)
, providing much better rain rate estimates than those solely derived from the geo-IR observations, but with the same superior time sampling. Both datasets are on a 1" x 1" grid, cover a global belt approximately from 40"s -40"N, and extend from January 1, 1998 to December 31, 2002 . In this study, we will concentrate on the rainfall variability within the region of about 9.5"W -9.5"E over West Africa and the tropical eastern Atlantic to limit the effects of the western coast and central Africa.
The SST data are retrieved from the TMI on board the TRMM satellite. With a distinct I. advantage over the traditional IR estimates that require a cloud-free field of view, TMI provides a continuous coverage of tropical SST (Wentz et al. 2000) . The data covers a ~ global region extending from 40"s to 40"N at a spatial resolution of 0.25". Monthly and ~ weekly TMI SST products are applied in this study, together with the columnar water vapor and cloud liquid water data retrieved also from the TMI [Detailed algorithms are described in Wentz (1997) ]. The spatial patterns and seasonal variations in TMI SST in the tropical Atlantic are further compared to those described by Reynolds and Smith SST data which covers 89.5"s -89.5"N and on 1" grid (Reynolds and Smith 1994 1996 ) are used to provide a description of large-scale circulation patterns over the tropical Atlantic and West African region. Archived on a 2.5" x 2.5" grid, only data from 1998 to 2002 are applied corresponding to the current record-lengt,h of the TRMM 3B43 and 3B42.
Results
Spatial distributions of monthly mean rainfall, SST and surface wind vectors over the Atlantic-African sector are shown in Fig. 2 . The oceanic ITCZ, represented by a rainfall band, moves northward and gradually intensifies during boreal spring-summer. It reaches its northernmost position and becomes strongest in August, then retreats back to the south and weakens thereafter. This oceanic ITCZ is generally colocated with warmer SST (> 27°C) and surface confluence line. Particularly, with the formation and intensification of a cold tongue in the tropical eastern Atlantic during June-August, the major rainfall zone in the Gulf of Guinea seems to move along the coastline to the western coast not directly northward, roughly following the movement of warmer SST zone (> 27"C), suggesting the modulation of rainfall by both the land surface and SST-related processes. The land surface conditions north of the coastline in the Gulf of Guinea may not be favorable for the development of rainfall events during this time period. This is quite different from the situations in the eastern Pacific where the ITCZ-related mean rainfall band moves continuously to the north during boreal spring-summer.
Within the West African continent, intense rainfall appears in April right across the coastline in the Gulf of Guinea ( Figs. 1 and 2 ). The mean rainfall band becomes strong in June, but still remains in the coastal region (5"N). In August, the most intense rainfall band has already moved to the latitudes of about 10"N. Land rainfall retreats back to the south and becomes weaker during boreal fall-winter. Major rainfall events in the Gulf of Guinea are observed mostly over the ocean in December (Fig. a) , corresponding to the coming back of relatively warmer SST in the Gulf of Guinea due to surface wind relaxation (e.g., Weingartner and Weisberg 1991). Between June and August, the major rainfall band does not show a continuous march to the north, and instead two rainfall zones seem to appear independently at two different latitudinal belts (5"N and 10"N) (Fig. 1) . As proposed in Section 1, these two rainfall zones may be modulated by two different physical processes. Detailed seasonal variations in various variables are thus investigated in the following two subsections to explore the related physical processes. A 2-d wavelet spectrum analysis is further applied to examine the various components in these two rainfall zones. We further narrow our concentration on the domain-mean seasonal cycles in the Gulf of Guinea and the land just north of it between 10"W to 10"E (Fig. 4) . For SST, columnar water vapor (VW), cloud liquid water (LW), and surface wind components, the domain is right across the equator in the eastern Atlantic and approximately covers 4.5"s -4.5"N and 1O"W -5"E. Two domains are used to represent rainfall variability: (i) 4.5"s -6.5"N, 9.5"W -9.5"E and (ii) 4.5"s -4.5"N, 9.5"W -5.5"E. Annual cycles in rainfall are very similar within these two domains except that a weak semi-annual cycle is seen in the first domain ( Fig. 4a) , a manifestation of seasonal march of the ITCZ over land. The warmest SST is observed during March-April, with the coldest SST during July-September. We also like to mention that no significant difference is found between TMI SST and Reynolds and Smith SST (dashdot and dotted lines in Fig. 4a ) except that more details can be seen in the spatial patterns in TMI SST (not shown).
Surface rainfall, VW and LW generally follow the seasonal cycle in SST (Figs. 4a, b (2001) 
b. Weekly mean
Weekly products from the TRMM satellite are applied to further examine seasonal cycles ~ in various variables and their relationships in the Gulf of Guinea (Fig. 5) 
Mean zonal wind field
Previous studies indicate that summer rainfall variability over West Africa is closely associated with the variabilities in the large-scale environment on both interannual and seasonal time scales (e.g., Nicholson 2001, Nicholson and Grist 2003) . By using the zonal wind component from the NCEP/NCAR reanalysis proJect (see comparisons with the Quickscat winds in Appendix), we emphasize the seasonal variations in several dynamic features, e.g., the AEJ, TEJ and low-level flow, etc. The most significant feature in Fig. 8 is the existence of the AEJ at the 600 -700 mb level through the year. The AEJ becomes stronger and moves northward during the boreal spring.
It achieves its most intensity during May-June. In June, the center of the AEJ is already near 10"N. The AEJ becomes weaker in July and strengthens a little during August-September.
It becomes weaker again and moves back to the south during the boreal fall and winter.
Significant seasonal variations can also be found in the low-level westerly flow (Fig. 8) .
It gradually develops with season and extends its effect to 20"N during July-August. The flow reaches its peak during July-September, coincident with the intense rainfall band along 10"N (Figs. 1 and Sa). The same peak season for this low-level westerly flow and surface rainfall strongly suggests their internal connection since the moisture transport from the Gulf of Guinea during this season could have been heavily reduced due to the development of the oceanic cold tongue (Fig. 4) . As the AEJ, the low-level flow weakens during the boreal fall and winter.
Given the mean flow pattern shown in Fig. 8 , we may further explore to what extent these dynamic features modulate the seasonal variation in surface rainfall. Negative vertical shear, represented by the difference between monthly zonal wind at 600 mb and 925 mb (blue shades in Fig. 9 ), gradually moves to the north and becomes strong during the boreal spring and summer. The central band of negative shear is roughly corresponding to the locations of surface rainfall. Previous results found that mesoscale systems such as tropical squall lines are important contributors to surface rainfal and the development of these systems are closely associated with the existence of vertical wind shear (e.g., Rowel1 and Milford 1993 Fig. 9 ), and significant negative values over West Africa can only be seen in the boreal summer, especially during July-September, the peak season for the AEWs possibly related to the appearance of the intense AEWs which tend to weaken the AEJ (Fig.   11) . As with the low-level westerly flow, a sudden development of the TEJ is also observed approximately at the same time period, i e . , around day 180. These concurrent transition features in these various fields imply their close association.
Rainfall-related perturbations
In this subsection, we further decompose the surface daily rainfall patterns over the tropical eastern Atlantic and West Africa into various perturbation signals, particularly within the synoptic-scale domain (here referred to wavenumber k = 6 -10). The effort is to explore whether any season-and/or latitude-dependent wave modes exist in surface rainfall variability, taking into account the evident seasonal transition of rainfall (Figs. 1, 6a and loa). A 2-d wavelet spectrum analysis is applied to extract the regional spectral power of perturbations within the wavenumber-frequency domain (Gu and Zhang 2001) . Same as in Gu and Zhang (2001) , a 92-day running window is applied to estimate the monthly mean spectral power within these five years. corresponding to the intense AEW activity and major rain events along 10"N (Figs. 1,   6a , and loa). It is interesting to note that westward-propagating and eastward-propagating signals co-exist in July, though the eastward-propagating components are weaker than in May and June. This co-existence seems to be a signature of the sudden transition in the large-scale environment in July detailed in the last two subsections. 
Summary and discussion
The purpose of this study is to understand the seasonal variations in surface rainfall pat- Near the Gulf of Guinea (about 5"N) (Figs. 1-6 the formed cold SST zone quickly begins to suppress the convection and rainfall when the mean SST is less than about 27"C, though the strong meridional SST gradients still exist till about day 250 (Fig. 6c) . The major deep convective zone is pushed northwestward along the coastline following the northward-movement of warm water, rather than gradually moving northward across the land probably due to the unfavorable surface conditions. Consequently the major surface rainfall events near the Gulf of Guinea disappear due to the formation of an oceanic cold tongue complex in the tropical eastern Atlantic. During this evolution, the surface rainfall is shown to be both a passive and an active member in the entire cou- The AEJ is directly connected to the appearance of the intense AEWs from July which tend to weaken the intensity of the AEJ, possibly along with the major rain belt "jump"
(actually a rainfall decrease) during the day 180-210 period (July). With the increase of surface rainfall along 10"N and/or a balance between the impacts of the AEWs and rainfall, the AEJ becomes stronger again during the days 210-270. Thus, in addition to being an active member in the coupled system within the Gulf of Guinea, surface rainfall may also contribute to the evolution of the AEJ.
A 2-d wavelet spectrum analysis further provides a detailed decomposition of surface rainfall variability (Figs. 11 and 12 ). Most eastward-propagating (intraseasonal and synopticscale) wave signals are observed within the first peak rainfall zone during May-June. During
July-September, in contrast, AEWs dominate the variability in the synoptic-scale domain within the second peak zone, even though eastward-propagating intra-seasonal signals are still seen. This wave mode decomposition seems to enhance our argument on the seasonal variations of rainfall patterns over West Africa. Tai and Ogura (1987) proposed that tropical easterly waves may be responsible for an abrupt 5" northward movement of surface confluence line between June-July in the eastern Pacific. It seems that the AEWs can also be linked to the onset of rainfall events along the 10"N due to their close relationships with the AEJ, TEJ and low-level southwesterly flow. The appearance of the AEWs is concurrent with the weakening of the AEJ and the strengthening of the TEJ and low-level southwesterly flow. Hence, these waves may act as a major means for those large-scale features to modulate surface rainfall, especially the locations of rainfall events along 10"N where the mean ITCZ is always located during the boreal summer. Certainly, we can not exclude the contributions from other mesoscale systems or random convective ones, though these systems may also be modulated or organized by the AEWs.
Consistent with Lebel et al. (2003) , the west African continent may roughly be divided into two regions: south and north of about 6"N -7"N. In these two regions, the seasonal cycles in surface rainfall are fundamentally different and modulated by different processes, featuring two different peak rainfall seasons. This division may greatly enhance our understanding of the seasonal rainfall distribution over West Africa and moreover further our knowledge of interannual and/or decadal variability in surface rainfall. However, it has to be pointed out that the conclusions made in this study are mostly based on the direct ob- for the NCEP/NCAR 1000 rnb winds (Fig. A l ) , where different seasonal evolution patterns in surface wind fields are found (not shown). The NCEP/NCAR 1000 rnb zonal wind seems to be overestimated during March-July but underestimated primarily during SeptemberDecember, a little different from Smith et al. (2001) and Goswami and Sengupta (2003) .
However, both zonal wind components show a very similar seasonal cycle and their difference is less than 1 rn s-' as in Fig. 4c . For meridional winds, large differences are found during Tables   1 Correlation coefficients (y) between weekly rainfall [ P (mrn day-'); 4.5"s -6.5"N, 9.5"W-9.5"E), TMI SST ["C; 4.125"S-4.125"N, 10.125"W-5.125 Scattergrams of weekly rainfall [ P (mm day-'); 4.5"S-6.5"N, 9.5"W-9.5"E), TMI SST ["C; 4.125"S-4.125"N, 10.125"W-5.125 
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